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Cracking phenomena in tensile-strained InxGa1xAs epitaxial ﬁlm on an InP substrate are analyzed via the formu-
lation given in Part I [Lee, S., Choi, S.T., Earmme, Y.Y., 2006. Analysis of vertical cracking phenomena in tensile-
strained epitaxial ﬁlm on a substrate: Part I. Mathematical formulation. International Journal of Solids and Structures
43, 3401–3413], where the solution for a dislocation in an anisotropic trimaterial is used as a fundamental solution and
the crack is modeled by the continuous distribution of dislocations. Misﬁt strains and stresses are evaluated as a func-
tion of indium content x in an InxGa1xAs/InP system. A single crack and periodic cracks, respectively, induced by
the misﬁt stresses are considered. The crack opening proﬁle, the crack mouth displacement, and the energy release rate
as a function of the crack length are obtained. The critical conditions for a single crack and periodic cracks, respec-
tively, are thus obtained, and are found to depend on the ﬁlm thickness, the crack length, and the period of the
cracks. The results of these analyses are also compared with published data obtained from experiments.
 2007 Elsevier Ltd. All rights reserved.
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condition for crack formation1. Introduction
Electronic materials are used most eﬀectively in the form of crystalline thin ﬁlms or multilayered structures.
However, mechanical stress and its consequences are often central factors in the fabrication, performance, and
reliability of material structures and devices for microelectronic applications. One of the problems encoun-
tered in the growth of lattice-mismatched materials of high structural quality is strain relaxation. The most0020-7683/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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cations are generated to relax misﬁt strain, and the dislocations in the relaxed ﬁlm can have a strong adverse
eﬀect on charge transport (Tu et al., 1992).
Strain relief in tensile strained layers often occurs by cracking. The fracture of ﬁlms has been widely
studied in the context of cracking induced by thermal-mismatch strains. However, cracking in heteroepit-
axial strained layers is due to a lattice mismatch between the ﬁlm and substrate (Thouless, 1990), and the
dynamic behavior of cracking and crack healing likely occurs during ﬁlm growth rather than on cooling to
ambient temperature after growth. InGaAs ﬁlm on an InP substrate is receiving considerable attention of
late, because of its potential applicability to high speed optoelectronic devices based on the quantum con-
ﬁnement of charge carriers in wells.
Although cracking in tensile strained epitaxial layers was ﬁrst reported in 1972 (Matthews and Klok-
holm, 1972), very few studies have been carried out on the cracking mechanism. Only recently has crack-
ing in III–V epitaxial layers attracted greater attention (Dieguez et al., 1997; Wu and Weatherly, 1999;
Murray et al., 2000; Natali et al., 2000; Salviati et al., 2002). In one notable study, the critical thickness
criterion based on an energy balance was used to predict the onset of cracking (Thouless, 1990). The crack
patterns that form in these ﬁlms usually involve a periodic array of cracks, which develops along the
cleavage planes of the crystalline ﬁlms. However, a rigorous analysis including the material anisotropy
and the diﬀerence of elastic constants between ﬁlm and substrate has yet to be conducted. Furthermore,
the collective behavior of an array of cracks has not been studied with the exception of the analysis of
Zhang and Zhao (2002).
Murray et al. (2000) analyzed vertical cracks in an epitaxial layer of III–V compound semiconductor,
obtaining the expressions of the crack length and the crack distribution. Einfeldt et al. (2000) performed
experiments involving AlxGa1xN/GaN/sapphire, measuring the distribution of cracks, strain energy den-
sity, the critical height of the ﬁlm, and the crack opening displacement with varying Al content. They
showed that the critical Al content is closely related with the thickness of the ﬁlm. (The Al content
changes the lattice parameter, and thus the magnitude of the misﬁt stress.) The Al content increases to
reach a critical value of about 0.1, and vertical cracks start to appear. This serves to relax the misﬁt
energy, which saturates at about 4 J/m2. Notably, when additional tensile stress was applied to a specimen
by annealing it to 1050 C, the crack formed in AlxGa1xN penetrated the GaN substrate. Wu and
Weatherly (1999) observed other relaxation mechanisms such as twinning.
As summarized by Hutchinson and Suo (1992) and Freund and Suresh (2003), the critical condition for the
occurrence of vertical crack can be obtained by various methods. Thouless (1990) obtained the critical condi-
tion for simultaneous formation of channeling cracks based on energy balance. This was later modiﬁed by
Thouless et al. (1992) based on consideration of the sequential formation of cracks. Independently, Hutchin-
son and Suo (1992) obtained slightly diﬀerent results by considering the sequential formation of periodic
cracks. Beuth (1992) and Shenoy et al. (2001) extended the energy argument to take into account the diﬀerence
of elastic constants between ﬁlm and substrate.
All the foregoing analyses were restricted to isotropic materials; however, the epitaxial ﬁlm/substrate sys-
tems considered in this paper are single crystals and inherently anisotropic. Therefore, in order to provide a
more realistic analysis of vertical cracks in ﬁlm/substrate, it is necessary to analyze them based on the aniso-
tropic elasticity of the ﬁlm and substrate, respectively.
In the companion paper (Lee et al., 2006), which will be referred to as Part I hereafter of this study, a
vertical crack penetrating a substrate whose elastic constants are diﬀerent from the ﬁlm was analyzed
using 2-D anisotropic elasticity. In Part I, the vertical crack was modeled as an array of dislocation,
the solution of which was provided by the work of Choi and Earmme (2002) for a singularity in
anisotropic trimaterial. The singular integral equation thus obtained was solved numerically via the
Gauss–Chebyshev formula. In this study, we present the numerical results for single and periodic cracks,
respectively, lying in InxGa1xAs/InP. In Section 2, a vertical crack induced in an InxGa1xAs/InP system
due to misﬁt stress is explained while numerical results together with a comparison with published exper-
imental data for a single crack and periodic cracks, respectively, are presented in Sections 3 and 4. Section
5 concludes this study.
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2.1. InGaAs/InP epitaxial system
As noted in Section 1, the system chosen for the present analysis is InxGa1xAs epitaxial ﬁlm deposited
onto a (100) InP substrate. Both materials have cubic symmetry. The elastic constants for each material
are listed in Table 1, where the elastic constants and lattice parameter are approximated as a linear function
of x (indium content) from the data of InAs (x = 1) and GaAs (x = 0), and reduced notation, e.g. C11(=C1111),
C12(=C1122), etc., is used. Misﬁt strains due to mismatch in the lattice parameter occur mostly in thin ﬁlm,
since the substrate is much thicker than the ﬁlm. Therefore, it is assumed that when x = 0.532, there is no mis-
ﬁt strain or stress since the lattice parameter of InxGa1xAs at x = 0.532 is equal to that of InP. For x< 0.532,
af < as, therefore, tensile stress is induced in the ﬁlm while it is compressive for x > 0.532. In this study, the case
of x < 0.532 is considered since we focus on vertical cracking due to misﬁt tensile stress initiated in the ﬁlm
(InxGa1xAs/InP). Since the strain or stress due to the diﬀerence in the thermal expansion coeﬃcients is only
about 0.05% of that due to the lattice mismatch (Wu and Weatherly, 1999), we neglect its eﬀect.
As mentioned in Part I, there are various types of relaxation of the strain energies in the ﬁlm: dislocation
formation, island formation, surface undulation, crack formation, etc. It is known that for InGaAs/InP, the
system considered herein, the major relaxation mechanism is the occurrence of vertical cracking (Wu and
Weatherly, 1999). Fig. 1(a) shows a single vertical crack in an epitaxial ﬁlm on a substrate, while Fig. 1(b)
shows a periodic array of vertical cracks with period k. The x1, x2, and x3 axes shown in the ﬁgures are chosen
to be x1 ¼ ½0; 1; 1, x2 = [1,0,0], and x3 = [0,1,1], respectively. A 2-D deformation in the x1  x2 plane is
assumed.2.2. Driving force of cracking
With the lattice constants given in Table 1, Vergard’s law provides a good approximation for the lattice
constant af(x) of InxGa1xAs ﬁlm, which is also shown in Table 1. Therefore, the lattice mismatch is measured
by the misﬁt strain given in Eq. (19) of Part I (Lee et al., 2006) with the error corrected in this study (Lee et al.,
2007)Table
Anisot
obtain
Mater
InP
InAs
GaAs
InxGa
Reducem11 ¼ em22 ¼ em33 ¼
af  as
as
¼ 0:2156þ 0:4052x
5:8688
ð1ÞWith x ranging from 0 to 1, the misﬁt strain in InxGa1xAs ﬁlm varies between a value of 3.68% for x = 0
(GaAs/InP) and a value of 3.22% for x = 1 (InAs/InP). The layer is perfectly matched to the substrate for
x = 0.532. It is worth noting that the misﬁt strain is deﬁned such that, if the epitaxial layer is subjected to
a strain emij , its lattice is brought into conformity with that of the unstressed substrate. It is assumed that dis-
placement relative to the conﬁguration in which the ﬁlm/substrate system contains no cracks and the ﬁlm is
subjected to a strain emij takes place only along the x2 axis.
The misﬁt stress is given by Eq. (20) of Part I. The misﬁt stress rm11 and the value
ðrm11Þ2=Mf ðMf ¼ ðCf11  Cf12ÞðCf11 þ 2Cf12Þ=Cf11Þ, which is proportional to the stored strain energy as a function1
ropic elastic constants and lattice constants of III–V compound semiconductor materials, in which those of InxGa1xAs are
ed by Vergard’s law as the ﬁrst-order approximations
ials Elastic constants (GPa) Lattice constant (A˚)
C11 C12 C44 a
102.2 57.6 46.0 5.8688
83.29 45.26 39.59 6.0584
119.04 53.84 59.52 5.6532
1xAs 83.29x + 119.04(1  x) 45.26x + 53.84(1  x) 39.59x + 59.52(1  x) 6.0584x + 5.6532(1  x)
ed notation for components of the fourth-order elastic stiﬀness tensor is used (C11 = C1111, C12 = C1122, and C44 = C1212).
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tension at x = 0. Although the factors aﬀecting the critical condition for crack initiation are rm11, the elastic
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Fig. 2. Misﬁt stress rm11 and normalizing factor ðrm11Þ2=Mf for misﬁt strain energy in InxGa1xAs/InP epitaxial system respectively as a
function of Indium content x.
Fig. 1. Schematic diagrams of the vertical crack problems in an epitaxial ﬁlm on a substrate: (a) A single vertical crack and (b) periodically
distributed vertical cracks. In this article, x1 ¼ ½0; 1; 1, x2 = [1,0,0], x3 = [0,1,1].
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the elastic constants of the ﬁlm for the selected system.3. Single vertical crack
3.1. Onset of a vertical crack
Misﬁt strain energy is accumulated in the ﬁlm due to the lattice mismatch while depositing InxGa1xAs onto
InP, the density of which is proportional to ðrm11Þ2=Mf , shown in Fig. 2 as a function of x. This energy is a linear
function of the deposited height.When the height reaches a critical value, the energy is released by forming a ver-
tical crack. The plane of the crack is {011}, the easy cleavage plane of both InxGa1xAs and InP (Choi, 2002). At
an early stage, there may be a single crack (ormultiple cracks where the distance between them is so large that the
interaction of the cracks can be neglected). Hence, in the present work, we consider a single crack, as shown in
Fig. 1(a). In this problem, the factors aﬀecting the behavior of the crack are: x, hf, hs.
3.2. Shape of a vertical crack
The shape of the crack is obtained by the method outlined in Part I: Eqs. (27a) and (27b) with either Eq.
(29) or Eq. (30) in Part I are solved numerically, yielding the coeﬃcients ufk ð~snÞ and uskðs^nÞ (k = 1,2,3;
n = 1,2, . . .,N), which are substituted into Eqs. (31a) and Eq. (32a), and subsequently into Eqs. (25a) and
(25b). The dislocation density, ufk ð~snÞ or uskðs^nÞ in Eqs. (24a) and (24b) of Part I is then obtained. The crack
opening displacements along the crack line can be obtained by integrating the dislocation density functions.
The crack opening shape is shown in Fig. 3(a) with x = 0.25 for the cases of hs/hf = 1, 2, and 5, respectively.
(d2, the displacement in the x2 direction, is zero due to the symmetry of this problem). In Fig. 3(b), 2d1/h
f at
x2 = h
f, i.e., the non-dimensional displacement dc/h
f at the crack mouth with x = 0.25 is drawn as a function of
hs/hf. It is seen that dc/h
f is an increasing function of hs/hf. Measurement of dc/h
f via experiment, such as TEM,
yields the value of hs, which can be translated to the fracture toughness of the substrate. This will be discussed
in greater detail in the following subsection.
3.3. Critical condition for a vertical crack formation
The critical condition for vertical crack formation is reached when DE(=  DEel + DEfr) 6 0, as in Eq. (44)
of Part I, which can be rewritten asF f þ F s
hs
hf
6 Gsc
hs
hf
; a; b
 
: ð2ÞHere F f and F
s
 are the fracture energies of the ﬁlm and the substrate, respectively as deﬁned in Eq. (45) of Part
I, and Gsc ðhs=hf ; a; bÞ is the non-dimensionalized energy release rate, as deﬁned in Eq. (40) of Part I. The
generalized Dundurs parameters a and b (Beom and Atluri, 1995; Ting, 1995), as given in Eq. (41), can be
evaluated once x is given. Hence, we plotted Gsc ðhs=hf ; a;bÞ as a function of hs/hf for various values of x in
Fig. 4.
Let us take x = 0.25 to concretize the discussion. Then the values of a and b are, respectively, as follows:
a ¼ 7:171; 0
0; 7:207
 
 102, b ¼ 0; 2:6462:385; 0
 
 103. The surface energy of {110} In0.25Ga0.75As is
0.77 J/m2, and that of {110} InP is 0.75 J/m2(Wu and Weatherly, 1999) therefore, Ff = 1.54 J/m2 and
Fs = 1.50 J/m2. In Fig. 5, we plotted hs/hf as a function of hf when the equality of expression (2) is satisﬁed,
from which we see the critical thickness hfc for a vertical crack is approximately h
f
c  16 nm. The experimental
observation by Wu and Weatherly (1999) for In0.25Ga0.75As/InP shows that for h
f = 20 nm, hs = 24 ± 1.2 nm;
therefore, hs/hf = 1.2. From our analysis, for hf = 20 nm, hs/hf = 1.6, which appears to be in reasonably good
agreement with the experiment. Also, COD at x = hf is dc = 5.8 ± 0.4 nm from the experiment of Wu and
Weatherly (1999) whereas our analysis yields dc = 4.1 nm.
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As explained in Section 3.1, the onset of a vertical crack to release the strain energy is followed by the
occurrence of multiple cracks as the thickness of the ﬁlm increases. As the density of the cracks increases,
the interaction between the cracks becomes signiﬁcant, and consequently the occurrence of new cracks may
be inhibited. In this study, we modeled the multiple cracks as an array of periodic cracks with a period k,
an additional factor that is addressed in the subsequent discussion.
4.1. Shape of an array of channeling cracks
The shape of a crack in this case can be obtained via a method similar to that described in Subsection 3.2.
As the shape is quite similar to the case of a single crack, details are not shown here. The value dc(=2d1 at
x2 = h
f) (i.e., at the crack mouth) can be expressed as dc = dc(h
s/hf, k/hf). This value dc/h
f for the case of
x = 0.25 (In0.25Ga0.75As/InP) is represented by a number in each curve of k/h
f vs. hs/hf in Fig. 6. It is seen that0.04
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case of a single crack.2
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curves represent the values of Gpc ðhs=hf ; k=hf ; a; bÞ.
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The critical condition for the formation of periodic cracks is given by Eq. (48) of Part I, and is rewritten
here asFig. 8.
norma
epitaxiF f þ F s
hs
hf
6 Gpc
hs
hf
;
k
hf
; a; b
 
: ð3ÞThe diﬀerence between expressions (2) and (3) is that Gpc here depends on an additional factor, k/h
f. Gpc is
given by Eq. (46) in Part I. The normalized Gpc ðhs=hf ; k=hf ; a; bÞ is represented by a number in each curve
of k/hf vs. hs/hf for three values of x = 0 (Fig. 7(a)), x = 0.2 (Fig. 7(b)), and x = 0.4 (Fig. 7(c)), respectively.
It is seen that Gpc increases as k increases for a given h
s/hf, and increases as hs/hf increases for a given k. The
behavior of the normalized Gpc in each curve is very sensitive to the value of h
s/hf and insensitive to the value
of k/hf if k/hfP 10hs/hf. This tendency is reversed if k/hf 6 10hs/hf, which means that the interaction between
the cracks becomes signiﬁcant if k/hf < 10hs/hf. To concretize the discussion, we consider the case of x = 0.25.
The experimental values for F f , F
s
 are F
f = 1.54 J/m2, Fs = 1.50 J/m2, respectively. Fig. 8 shows the curves k/
hf vs. hs/hf for each hf (denoted by numbers) when expression (3) is the equality. As hf increases, hs/hf increases
for a given k, and k/hf decreases for a given hs/hf. This means more multiple cracks occur with a smaller value
of k if hf increases. Also, it is noted here that there are many possible pairs of (k/hf,hs/hf) for a givenhf. This
may be attributed to the nature of the equilibrium we considered here, neglecting the nature of the kinetic
process.4.3. Discussion: interaction of channeling cracks and other strain relaxation mechanisms
There are various mechanisms of strain energy relaxation, such as twinning, stacking faults, dislocations,
vertical cracking, etc. The dominant mechanism may depend on the materials, as well as crystal orientation.
It is beyond the scope of the present study to distinguish the dominant mechanism from all possible competing
mechanisms. Instead we focused on the vertical cracking along the ð011Þ plane in an InxGa1xAs/InP system,
previously observed by experiment (Wu and Weatherly, 1999). Even in this particular mechanism, vertical
cracking is sometimes followed by kinking along the {111} plane, as observed by Wu and Weatherly (1999).
An interesting observation of Wu and Weatherly (1999) is a decrease of the density of the cracks (i.e., k
increasing) as hf increases from 20 nm to 200 nm, followed by the total elimination of cracks in the case of
hf = 500 nm. They observed that in In0.25Ga0.75As/InP for h
f = 100 nm, hs = 200 ± 60 nm (hs/hf  2.0) and
k = 2040 ± 580 nm (k/hf  20). However, the present study shows that for hf = 100 nm and hs/hf = 2.0, k/60
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relaxation mechanisms activated during the crack healing process.
5. Summary
Cracking phenomena in tensile strained InxGa1xAs epitaxial ﬁlm on an InP substrate are analyzed using
the formulation presented in Part I, where the anisotropic elasticity theory is used both for the ﬁlm and the
substrate. The misﬁt stress due to the mismatch of the lattice parameters is expressed as a function of the
Indium content x. A single vertical crack and an array of periodic cracks are analyzed: the crack proﬁle,
the crack opening displacement (COD) at the surface, the energy release rate, and the critical condition for
the crack (or cracks) are presented. Agreement with experimental observations by other researchers is con-
ﬁrmed at the early stage (i.e., hf small) of deposition, while the analysis is not in good agreement for large
hf. This discrepancy appears to be related with other relaxation mechanisms as well as the kinetic process,
which is not considered in this study.
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